Background and objectives: Previous studies of X-linked Alport syndrome demonstrated that "severe" COL4A5 mutations (large deletions and rearrangements, nonsense and frame-shift mutations, and glycine substitutions in the carboxy-terminal residues) were associated with early-onset renal failure, hearing loss, and lenticonus in affected male patients. This study examined whether severe mutations also resulted in the typical perimacular dot-and-fleck retinopathy.
A lport syndrome is an inherited kidney disease characterized by hematuria, progressive renal failure, hearing loss, lenticonus, and a dot-and-fleck retinopathy (1) . It affects between one in 5000 and one in 50,000 individuals (2) but is often unrecognized.
Approximately 85% of families with Alport syndrome have X-linked disease (OMIM 301050) (3), which is due to mutations in the COL4A5 gene (4) . Male individuals are affected more severely than females, and hematuria is noted in early childhood, but many males develop renal failure before the age of 30 ("early-onset disease"). Most have a hearing loss, approximately 40% develop lenticonus, and 60% have retinopathy (5, 6) . The hearing loss is helped with hearing aids, the lenticonus eventually requires lens replacement, but the retinopathy does not affect vision. The retinopathy is nevertheless helpful diagnostically because it is specific for Alport syndrome and is usually obvious especially in retinal photographs. Affected female individuals with X-linked Alport syndrome typically have hematuria, and the likelihood of complications increases with increasing age, with approximately 30% eventually developing renal failure, hearing loss, or the ocular abnormalities (7, 8) . Clinical features in males are often consistent within families, reflecting the strong genetic influence (5) . In females, the clinical features are more variable in families because of lyonization (7) .
Not only is identification of the underlying COL4A5 mutations diagnostic for X-linked Alport syndrome, but also the location and nature of the mutations help to predict the likelihood of clinical complications. Thus, males with large deletions and nonsense and frame-shift mutations are more likely to develop renal failure before the age of 30 yr, as well as hearing loss and lenticonus (5) . In addition, missense mutations close to the carboxy terminus result in a severe phenotype (6) , but previous studies have not correlated severe COL4A5 mutations with an increased likelihood of retinopathy. The aim of this study was to identify mutations in our patients with X-linked Alport syndrome, confirm the previously proposed prognostic classification of COL4A5 mutations, extend the classification to include the dot-and-fleck retinopathy, and determine whether demonstration of the retinopathy itself had any clinical significance for predicting disease in other organs.
Materials and Methods

Patients
Twenty unrelated families with X-linked Alport syndrome were studied. Alport syndrome was diagnosed on renal biopsy in 18 (90%) families, and X-linked inheritance was confirmed with linkage studies in 15 (75%) (8) . All participants were older than 14 yr, which is when ocular abnormalities are often first evident in male individuals.
Clinical features, including the presence and age at onset of end-stage renal failure, and any clinically detectable hearing loss were noted. Participants were then examined by an ophthalmologist who was not aware of their disease status. They were examined for the "oil-droplet" sign of anterior lenticonus, their pupils were dilated with 1% tropicamide, and their optic fundi were examined for the perimacular dotand-fleck retinopathy (Figure 1 ).
Mutation Detection Methods
Two mutation detection methods were used. These were a genomic DNA screening assay where variants were confirmed by direct sequencing and an assay where hair root or skin fibroblast cDNA was directly sequenced.
DNA Amplification and Screening. DNA was prepared from peripheral venous blood using conventional methods. All 51 exons of COL4A5 plus flanking regions were amplified using primers based on published sequences (9) and screened for mutations using melting curve analysis (RotorGene 6000; Corbett). Amplicons with abnormal melt curves were then sequenced.
Sequencing of Hair Root or Skin Fibroblast COL4A5 cDNA. mRNA was prepared from hair roots and immortalized fibroblast cell lines (10 -12) using Trizol (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. mRNA was then transcribed using the Superscript III First-Strand Synthesis System (Invitrogen) using oligodT as recommended by the manufacturer. Hair root cDNA was amplified in nine overlapping fragments with primers designed using Primer3 design software (http://frodo.wi.mit.edu/primer3/). cDNA were then amplified using PCR and directly sequenced for mutations.
Sequencing
Amplicons were purified using the UltraClean GelSpin DNA purification kit (MoBio Laboratories, Carlsbad, CA) and sequenced using Big Dye Terminator (Applied Biosystems, Foster City, CA) and an ABI PRISM 3100 Genetic Analyser (Applied Biosystems).
Definition of Mutations
Variants were confirmed by sequencing in both directions. "Mutations" were variants that segregated with disease within families and were not present in 100 normal chromosomes. "Severe" mutations were large deletions and rearrangements, nonsense and frame-shift mutations, splicing mutations that affected the donor site, and missense mutations in exons 23 through 51. All other mutations were classified as "moderate."
Correlation of Mutations with Clinical Features
Severe and moderate mutations were correlated with clinical features, namely the presence and age at onset of end-stage renal failure, and with the presence of hearing loss, lenticonus, and the perimacular retinopathy. Results were compared with Fisher exact test (two-tailed; http://www. graphpad.com/quickcalcs/contingency2.cfm). This study was approved by the Human Research Ethics Committee of Northern Health, and all participants provided signed informed consent.
Results
Mutations
Nineteen different mutations were identified in the 20 families (Table 1) . G624D was present in two families who were not known to be related but were both of Italian origin. Fourteen mutations were novel. These included single-nucleotide substitutions, two in-frame deletions, a frame-shift insertion, and a large rearrangement. Eighteen mutations affected the coding region, and one affected an intronic sequence. Coding region mutations were nonsense (n ϭ 6) or missense (n ϭ 8), and six of the missense mutations affected a glycine. Fifteen (71%) of 19 mutations were classified severe and four as moderate. The mutations of moderate severity were c.142GϾA, c.351_359delACCTCAAGC, c. 1165-1432del, and c.1498GϾC.
Clinical Features
Forty-one affected individuals were studied from the 20 families. These included 19 males and 22 females. Five families had no affected adult male. Affected males had a median age of 38 yr (range 14 to 68). Nine (47%) of 19 had reached end-stage renal failure before the age of 30 yr, 15 (79%) of 19 had a clinically reported hearing loss, nine (53%) of 17 had lenticonus, and eight (50%) of 16 had a central retinopathy. The female individuals had a median age of 41 yr (range 14 to 80). One (5%) of 22 had developed end-stage kidney failure before 30 yr, three (14%) of 22 had a hearing loss, none had lenticonus, and three (14%) of 21 had a central retinopathy.
Correlation of Mutations with Clinical Features
Male individuals with severe mutations were more likely to develop early-onset renal failure, hearing loss, lenticonus, and retinopathy than those with moderate mutations ( Table 2 ). The demonstration of the central retinopathy in males correlated with early-onset renal failure (P ϭ 0.0070). Too few females developed renal failure or other clinical features to determine any effect of mutation severity; however all four female individuals who developed renal failure or the central retinopathy had severe mutations.
Discussion
This study identified 19 different COL4A5 mutations in 20 families with X-linked Alport syndrome by using a melting curve mutation screening assay or by direct sequencing of the hair root transcript. Fourteen mutations were novel, and 15 were predicted to result in severe disease. Individuals with severe mutations were more likely to present for medical at- Two previous studies defined severe mutations in X-linked Alport syndrome and demonstrated that they correlated with early-onset renal failure, hearing loss, and lenticonus in male individuals; however, both studies failed to demonstrate a relationship with the perimacular dot-and-fleck retinopathy (5,6), possibly because their patients included children and because patients were examined in multiple centers by different ophthalmologists who were unfamiliar with variants of the Alport retinopathy (13) . Although our study was small, it did not include children who were younger than 14 yr, which is when the retinopathy is often first obvious in male individuals, and all but three participants were examined by the same ophthalmologist. In many cases, retinal photographs were also examined. This study not only confirmed the previously described prognostic classification of COL4A5 mutations in male individuals with X-linked disease and that severe mutations correlated with early-onset renal failure, hearing loss, and lenticonus but also demonstrated that severe mutations correlated with the perimacular dot-and-fleck retinopathy. Furthermore, this study showed that the retinopathy in male individuals with X-linked Alport syndrome correlated with an increased likelihood of early-onset renal failure.
This study also demonstrated early-onset renal failure, lenticonus, and retinopathy were uncommon in affected females, but females with these features all had severe mutations. This has implications for the increased risk for early-onset renal failure in their male relatives but needs to be confirmed in a larger series. The development of renal failure and other clinical features in female individuals themselves is complicated by lyonization.
Not only does the demonstration of COL4A5 mutations in patients with suspected Alport syndrome confirm the diagnosis of X-linked disease, but also the location of the mutation and its nature (nonsense versus missense, frame-shift versus in-frame indel) helps to predict the clinical course in male individuals and, in particular, the likelihood of early-onset renal failure, lenticonus, and, as demonstrated here, perimacular retinopathy; however, mutation detection may not always be necessary, because the perimacular dot-and-fleck retinopathy both confirms the diagnosis of Alport syndrome and may predict increased risk for early-onset renal failure and hence the need for early and aggressive management. 
